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ABSTRACT
The gravitational wave source GW190412 is a binary black hole (BBH) merger with three unique
properties: i) its mass ratio is about 0.28, the lowest found so far, ii) it has a relatively high positive
effective spin parameter χeff = 0.25, and iii) it is observed to be precessing due to in-plane projected
spin of the binary with an in-plane precession parameter χp = 0.3. The two main formation chan-
nels of BBH formation fail to account for GW190412: field formation scenarios cannot explain the
observed precession unless by invoking large natal kicks, and dynamical assembly in dense stellar
systems is inefficient in producing such low mass-ratio BBH mergers. Here, we investigate whether
‘double mergers’ in wide hierarchical quadruple systems in the ‘3+1’ configuration could explain the
unique properties of GW190412. In this scenario, a compact object quadruple system experiences two
mergers: first, two compact objects in the innermost orbit merge due to secular chaotic evolution.
At a later time, the merged compact object coalesces with another compact object due to secular
Lidov-Kozai oscillations. We find that our scenario is consistent with GW190412. In particular, we
find a preferential projected spin around χp = 0.2. However, the likelihood of a double merger is small
and the formation efficiency of these systems is uncertain. If GW190412 originated from a double
merger in a 3+1 quadruple, we find a strong constraint that the first merger likely occurred between
roughly equal-mass BHs in the innermost orbit, since the recoil velocity from unequal-mass BHs would
otherwise have disrupted the system.
1. INTRODUCTION
Binary black hole (BBH) formation can broadly be di-
vided into two categories: i) field formation in which two
massive main sequence stars in a binary configuration
end their lives leaving behind two BHs that will even-
tually merge by losing angular momentum due to the
emission of the gravitational waves (GWs) (e.g., Tutukov
& Yungelson 1973, 1993; Belczynski et al. 2002; Voss &
Tauris 2003; Kalogera et al. 2007; Dominik et al. 2012;
Antonini & Perets 2012; Dominik et al. 2013; Belczynski
et al. 2014, 2016; Zaldarriaga et al. 2018; Gerosa et al.
2018; Qin et al. 2019; Bavera et al. 2020; Belczynski et al.
2020), and ii) dynamical assembly in dense stellar sys-
tems such as globular clusters, open clusters, and nuclear
star clusters, or in hierarchical systems (e.g., Sigurdsson
& Hernquist 1993; Portegies Zwart & McMillan 2000;
Portegies Zwart et al. 2004; O’Leary et al. 2006; Antonini
& Perets 2012; Thompson 2011; Antonini et al. 2014;
Ziosi et al. 2014; Prodan et al. 2015; Rodriguez et al.
2015; Mapelli 2016; Stephan et al. 2016; Kimpson et al.
2016; Antonini & Rasio 2016; Rodriguez et al. 2016b,a;
Silsbee & Tremaine 2017; Chatterjee et al. 2017; Sam-
sing & Ramirez-Ruiz 2017; Antonini et al. 2017; Petro-
vich & Antonini 2017; Antonini et al. 2018; Rodriguez
et al. 2018a; Samsing et al. 2018a,b; Hamers et al. 2018;
Hoang et al. 2018; Samsing 2018; Arca-Sedda & Gua-
landris 2018; Rodriguez et al. 2018b; Randall & Xianyu
2018b; Hoang et al. 2018; Gonda´n et al. 2018; Randall
& Xianyu 2018a; Arca-Sedda & Capuzzo-Dolcetta 2019;
Fragione & Loeb 2019; Hamers & Samsing 2019; Samsing
et al. 2019; Fragione & Kocsis 2020).
To first order, field formation predicts that the spins of
the BHs are born aligned with the angular momentum of
their orbit, while dynamical assembly predicts a random
orientation of the spins when the BBH is formed. This
fact has been used to distinguish between their formation
channels (e.g., Safarzadeh 2020; Safarzadeh et al. 2020a).
However, in addition to spin, the mass ratio of the
BBH is also informative about its assembly. While the
field formation scenario has no difficulty in producing low
mass-ratio BBH systems, dynamical assembly scenario
does. For example, the fraction of the mergers drops by
orders of magnitude from those with equal mass ratio to
those with q ≈ 0.25, while lower mass ratios are exceed-
ingly rare (Rodriguez et al. 2019).
The LIGO/Virgo Scientific Collaboration’s recent de-
tection, GW190412 (Abbott et al. 2020), comes with
properties that are consistent with field formation (the
observed low mass ratio) and with dynamical assembly
(the observed precession). However, none of the scenarios
in their default form can easily explain all of GW190412’s
characteristics.
In Safarzadeh et al. (2020b), we suggested that wide
hierarchical quadruple systems in the ‘3+1’ configuration
(a triple orbited by a fourth body) could account for the
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2merger of a low mass-ratio event with the secondary BH
being a mass-gap BH. In this scenario, two neutron stars
(NSs) in the innermost orbit of the quadruple system
merge due to secular chaotic evolution into a single mass-
gap BH. The resulting BH forms a triple system with
the remaining two other compact objects (BHs). Due to
Lidov-Kozai (LK; Lidov 1962; Kozai 1962; see, e.g., Naoz
2016 for a review) oscillations, the mass-gap BH subse-
quently merges with another BH. A similar configuration
could lead to the formation of a BBH merger with masses
akin to those of GW190412. Note that, in contrast to
a related primordial triple scenario which would require
high initial spins, a high spin is naturally explained in
our quadruple scenario by the first merger.
In this paper, we show, based on an extensive suite of
numerical integrations, that a hierarchical 3+1 quadru-
ple system is capable of reproducing GW190412-type sys-
tems both in terms of its observed mass and spin. The
structure of our paper is as follows: in §2, we explain
our model in detail, discuss our methodology, and show
some examples of our scenario in action. We present our
predicted distributions for the spins and other parame-
ters from population synthesis calculations and compare
to GW190412 in §3. We discuss our results in §4, and
conclude in §5.
2. DOUBLE MERGERS IN 3+1 QUADRUPLES
In this section, we briefly review our model, discuss our
methodology, and give a number of examples.
2.1. The scenario
Our scenario is similar to that presented previously in
Safarzadeh et al. (2020b). Quadruple systems are com-
mon among massive stars: in systems with & 30 M
primary stars, triples and quadruples are about equally
common, and much more common than binaries or sin-
gles (Moe & Di Stefano 2017). Quadruples, which are
known to occur in either the 2+2 or 3+1 configuration,
can exhibit complex dynamical behavior, which can lead
to eccentricity excitation which is more efficient than in
equivalent triples (Pejcha et al. 2013; Hamers et al. 2015;
Hamers 2017; Hamers & Lai 2017; Grishin et al. 2018;
Hamers 2018a, 2019; Liu & Lai 2019; Fragione & Kocsis
2019; Hamers 2020a).
Our proposed channel involves a 3+1 configuration (see
Fig. 1), in which the innermost system (orbit 1) merges
due to high eccentricity induced by secular chaotic evo-
lution. The merged body still forms a triple with two
other bodies (inner orbit: original orbit 2; outer orbit:
original orbit 3), and secular LK evolution and the as-
sociated high eccentricities accelerate the merger of the
newly-formed inner binary. Finally, a wide binary re-
mains with a GW merger time far exceeding the age of
the Universe, and without an outer orbit to excite its
eccentricity1.
1 It is possible that a wide binary is driven to high eccentricity
and merges due to flybys and/or the Galactic tide (e.g., Kaib &
Raymond 2014; Michaely & Perets 2019). We do not consider this
possibility for a third merger here.
Orbit 1
Orbit 2
Orbit 3
m0
m2
m3
m1
Orbit 2
Orbit 3
m2
m3
m’1 ≈ m0+m1
Orbit 3
m3m’2≈ m0+m1+m2
First merger
Second merger
Figure 1. Sketches of the system in a mobile diagram
(Evans 1968). The system begins as a hierarchical 3+1
quadruple, then merges into a triple (first merger). Fi-
nally, the inner binary of the latter merges (second
merger). In the paper, any property x of orbit i is de-
noted as xi.
We assume that a 3+1 quadruple system consisting of
four compact objects with semimajor axes of a1 ∼ 20 au,
a2 ∼ 103 au, and a3 ∼ 104 au can form, despite the exis-
tence of pre-compact object evolutionary processes that
can potentially prevent its formation. Such processes in-
clude orbital expansion due to stellar evolution-induced
mass loss causing dynamical instability (e.g., Perets &
Kratter 2012), common-envelope (CE) evolution produc-
ing a tight compact object binary which is dynamically
detached from its distant companions (e.g., Hamers et al.
2013), and natal kicks that can unbind the multiple sys-
tem (e.g., Pijloo et al. 2012; Toonen et al. 2016; Hamers
2018b). Here, we ignore all these complications and leave
a self-consistent treatment of pre-compact object evolu-
tion to future work.
The choice of an initially relatively wide innermost or-
bit, a1 ∼ 20 au, ensures that CE evolution in the inner-
most orbit is avoided. In order for secular chaotic evolu-
tion to effectively excite the innermost orbital eccentric-
3ity, the ratio of LK timescales for the orbital pairs (1,2)
and (2,3) need to be comparable, i.e., the ratio (Hamers
& Lai 2017)
R ≡
(
a32
a1a23
)3/2 (
m0 + m1
m0 + m1 + m2
)1/2 m3
m2
(
1 − e22
1 − e23
)3/2
' 0.4
( a1
20 au
)−3/2 ( a2
103 au
)9/2 ( a3
104 au
)−3
×
(
m0 + m1
m0 + m1 + m2
)1/2 m3
m2
(
1 − e22
1 − e23
)3/2
(1)
needs to satisfy R ∼ 1. Here, ei denotes the (initial)
eccentricity of orbit i. This consideration motives our
choice of initial conditions in the population synthesis
calculations (see §3.1 below).
2.2. Methodology
We model the secular dynamical evolution of the
compact object quadruple using SecularMultiple
(Hamers & Portegies Zwart 2016; Hamers 2018b, 2020b).
The latter code, which is freely available2, models the
evolution based on an expansion of the Hamiltonian of
the system in terms of ratios of adjacent orbits, x, and
orbital averaging. We include binary pair interactions
up to and including fifth order in x, and binary triplet
interactions up to and including third order in x.
In addition to the secular point mass Newtonian evolu-
tion, we include post-Newtonian (PN) terms to the 1PN
and 2.5PN order, in all orbits. The 1PN terms give rise
to orbital in-plane precession, whereas the 2.5PN terms
give rise to orbital shrinkage due to GW emission. Here,
we ignore PN ‘interaction’ terms that can arise between
different orbits (e.g., Naoz et al. 2013; Lim & Rodriguez
2020). Since we are interested in the spin evolution of the
compact objects, we also include the lowest-order spin-
orbit coupling terms describing precession of the spins
around the orbit, given by (Barker & O’Connell 1975)
dSˆi
dt
=
2G
c2a3j
(
1 − e2j
)3/2 (1 + 34 mi,cmi
)
L j × Sˆi . (2)
Here, Si (hats denote unit vectors) is the spin angular-
momentum vector of body i, mi its mass, mi,c the mass of
the companion to body i in orbit j, and L j is the angular-
momentum vector of orbit j. The latter has a magnitude
given by Lj = µj
√
GMjaj(1 − e2j ), where the total mass is
Mj ≡ mi + mi,c, and the reduced mass is µj ≡ mimi,c/Mj .
Note that equation (2) implies that the magnitude of Si
is conserved. Due to PN spin-orbit coupling, the orbit L j
also precesses around the spins; however, the latter effect
is negligible if Si  Lj , which is satisfied in our case with
roughly equal mass-ratio systems (the situation is differ-
ent when one of the compact objects is supermassive; see,
e.g., Liu & Lai 2020).
2 https://github.com/hamers/secularmultiple
We assume that all compact objects are formed with
their spin orientations Sˆi aligned with their parent orbit,
and magnitudes corresponding to half of maximum Kerr
rotation, i.e., writing Si = χiGm2i /c with χi the spin pa-
rameter (0 ≤ χi ≤ 1), we assume that the initial χi = 0.5.
We also take into account different initial spins in post-
processing (see §3.1 and §3.2.1 below). When the two
compact objects in the innermost binary merge, we com-
pute the mass (denoted as m′1), spin angular-momentum
vector (S′1), and recoil velocity of the remnant using the
analytic fits of Lousto et al. (2010). The latter depend
on the mass ratio and spin angular-momentum vectors
of the two merging compact objects. Depending on the
model (see §3 below), we subsequently compute the effect
of the mass loss and recoil velocity on the newly formed
triple system using the routines for external instantenous
perturbations included in SecularMultiple (Hamers
2018b). Below, we indicate properties of the compact
object after the first merger with the subscript ‘1’ and
a prime (i.e., after first merger, the spin of the merged
object is S′1, and S0 becomes undefined).
We note that the mass loss and recoil velocity can un-
bind the triple system, which is particularly the case for
unequal mass ratios when the recoil velocity tends to be
large. However, we remark that, more generally, large
recoil velocities do not necessarily have to impede com-
pact object mergers in quadruples. For example, one of
the inner binaries of a 2+2 quadruple could merge, and
the imparted recoil velocity could trigger an interaction
of the merged compact object with the other inner bi-
nary of the quadruple system. The resulting three-body
interaction could lead to a second merger event (Fragione
et al. 2020).
In the dynamical integrations, we check for the condi-
tion when an orbit becomes decoupled from its secular
evolution due to GW emission, i.e., when the timescale
for the orbital angular momentum to change by order it-
self due to secular evolution is ten times longer than the
timescale for GW emission to shrink the orbit by order
itself (see Hamers et al. 2018, section 5.1.2). When this
condition is satisfied, we stop the integration, since other-
wise the integration significantly slows down3, and after
this point in time GW emission completely dominates
the evolution. We also remark that, after decoupling, L j
no longer changes its direction. The effective spin and
precession spin parameters (see §3.2 below) therefore do
not change after decoupling (of course, the PN approxi-
mation itself breaks down shortly before merger).
We also check for dynamical instability of the quadru-
ple system during the evolution using the stability cri-
terion of Mardling & Aarseth (2001), which is applied
hierarchically to the (1,2) and (2,3) orbital pairs. In par-
ticular, dynamical instability in 3+1 quadruples is often
triggered by a secular increase of the eccentricity of orbit
2 (e.g., Hamers 2017, 2019, 2020a).
3 The slowdown is a result of the diverging rate of precession due
to the 1PN terms as the orbit shrinks. However, this precession
does not affect the evolution since the binary is already decoupled
from the outer orbits when we stop the secular integration.
4The simulations of the quadruple systems are run for a
duration of 1 Gyr. If a merger occurs during this time and
the resulting triple is dynamically stable, we continue the
integration for an additional 14 Gyr. We restrict the first
integration duration since the integration of the quadru-
ple system is relatively computationally expensive. From
that point of view, our merger fractions should be con-
sidered to be lower limits.
2.3. Examples
We illustrate our scenario with two examples in Fig. 2.
In the left-hand panels (example taken from Model D as
defined below in §3.1), the innermost two masses are m0 =
m1 = 4 M (two low-mass BHs). In the right-hand panels
(from Model C as defined in §3.1), the innermost two
masses are unequal, m0 = 6.5 M (BH), and m1 = 1.5 M
(NS). The top panels show the initial configuration of the
system in Mobile diagrams (Evans 1968), with the initial
orbital parameters indicated. The second panels from
the top show the orbital separations, the third panels the
mutual inclinations, and the bottom panels show various
spin-orbit and spin-spin angles.
In both examples, the innermost orbit is initially driven
to high eccentricity through secular chaotic evolution.
After the first merger, the disappearance of the inner-
most orbit changes the character of the secular oscilla-
tions of orbit 2 (now the inner orbit of the triple). In
these examples in which a double merger occurred, the
mutual inclination between binaries 2 and 3 (the inner
and outer orbits of the triple) after first merger is close to
90◦. Also, the inner orbit of the triple is wide, such that
1PN precession is ineffective at quenching LK oscillations
(e.g., Blaes et al. 2002; Wen 2003; Thompson 2011; Liu
et al. 2015). A second merger in the triple system, which
requires an extremely high eccentricity (1−e2 ∼ 10−7, see
also §3.2 below) can therefore be achieved, in particular
when the orbital orientation switches between prograde
and retrograde, or vice versa.
The bottom panels in Fig. 2 show the spin-orbit and
spin-spin angles. In the equal-mass case, the innermost
two compact objects precess around Lˆ1 at the same rate
(see equation 2). Therefore, the spin-spin angle associ-
ated with Sˆ0 and Sˆ1 remains 0◦ (see the black dotted
line). In the unequal-mass case, Sˆ0 and Sˆ1 precess at a
differential rate, producing spin-spin misalignment. Af-
ter the first merger, the angle between the now-merged
Sˆ
′
1 and Sˆ2 remains constant, both in the equal-mass case,
and in the unequal-mass case. In both cases, the com-
pact objects have unequal masses, but owing to the large
separation of the (now inner) orbit, spin-orbit coupling
is unimportant. Also, note that Sˆ
′
1 and Sˆ2 are generally
not mutually aligned.
The spin-orbit angles associated with Sˆ
′
1 and Sˆ2 and
Lˆ2 are therefore solely driven by the changing direction
of Lˆ2, which is caused by the secular torque of orbit 3.
Consequently, the spin-orbit angles for Sˆ
′
1 and Sˆ2 at the
moment of second merger are essentially random (see also
Fig. 5 below).
3. RESULTS
3.1. Initial conditions
We use Monte Carlo sampling to explore a restricted
parameter space of compact object quadruples, which is
informed by the condition equation (1). As discussed in
§2.1, we ignore any pre-compact object evolution, and
start the dynamical integrations with four compact ob-
jects. The initial conditions of our systems are highly
uncertain; here, we assume simple and idealised distri-
butions.
We set the masses m0 and m1 to fixed values de-
pending on the model, whereas m2 and m3 are sampled
between 20 M and 50 M assuming uniform distribu-
tions. The innermost semimajor axis is set to a1 = 20 au
(to avoid prior CE evolution), whereas a2 and a3 are
sampled from distributions flat in their log values, with
500 au < a2 < 2000 au, and 1.4×104 au < a3 < 2.0×104 au.
The orbital eccentricities are sampled from thermal dis-
tributions, dN/dej ∝ ej , with 0.01 < ej < 0.99. The
orbital angles (inclination, argument of periapsis, and
longitude of the ascending node) are sampled according
to isotropic orbital orientations (for all orbits). We reject
systems that are initially dynamically unstable according
to the stability criterion of Mardling & Aarseth (2001),
which is applied hierarchically to the (1,2) and (2,3) or-
bital pairs. Note that the initial inner orbit periapsis
distance is always larger than 0.2 au since e1 < 0.99.
The initial spin angular momenta of all bodies are as-
sumed to be aligned with their parent orbital momenta.
Their magnitudes are set corresponding to χi = 0.5 (see
also §2.2). We also take into account different values of
χ2, which does not change in the simulations, in post-
processing (see §3.2.1 below). Regarding the impact of
different χi on the spin of the merged object, χ
′
1, we note
that, assuming spins aligned with the orbit, two non-
spinning equal-mass BHs will make a BH with χ′ ≈ 0.69,
while if the two BHs had an initial χi = 0.5, the final rem-
nant has a spin of χ′ ≈ 0.83 (Lousto et al. 2010). Simi-
larly for the case of a 6.5 + 1.5 M system, the assump-
tion of χi = 0.5 leads to a final spin of χ′ ≈ 0.72 while
non-spinning BHs will result in a final spin of χ′ ≈ 0.45.
These ranges fall well within the distributions of χ′1 when
a fixed χi = 0.5 is assumed (see Fig. 3), indicating that
χ′1 is insensitive to the assumed initial value of χi. More-
over, our spin parameter distributions are mostly affected
by χ2, and the impact of varying χ2 is explored in Ap-
pendix A.
We adopt five different models (labeled A through E),
in which we investigate the importance of the spin-orbit
terms and the recoil velocity after the first merger, and
the impact of the mass ratio in the innermost binary. The
models are summarized in Table 1. We sample NMC = 105
systems for each model (giving a total of 5×105 systems).
Note that, when ‘Recoil’ terms were not included, we
also excluded the effects of instantaneous mass loss after
the first merger on the triple system. However, these
effects are typically small since the mass loss after the
first merger event is small (up to a few per cent).
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Figure 2. Two examples in which double mergers occur in 3+1 quadruple systems. Left-hand panels: m0 = m1; right-
hand panels: m0 > m1. The top panels show the initial configuration of the system in Mobile diagrams (Evans 1968),
with some of the initial orbital parameters indicated. The second panels from the top show the orbital separations
(dashed: semimajor axes; solid: periapsis distances, rp, j = aj[1 − ej]); the colors correspond to the colors in the top
panels. The third panels from the top show the mutual inclinations between the parent orbits. The bottom panels
show spin-orbit and spin-spin angles: the spin-orbit angles between the spin of body 1 and orbit 2 (red solid lines)
and the spin of body 2 and orbit 2 (blue dashed lines), and the spin-spin angles between bodies 0 and 1 (black dotted
lines) and bodies 1 and 2 (black solid lines). Note that, after the first merger, the merged compact object is indicated
with label ‘1’; label ‘0’ becomes undefined. The red and blue dots in the bottom panels indicate the spin-orbit angles
of bodies 1 and 2 at the moment of second merger.
The double merger fractions fdm in our simulations are
presented (in per cent) in the right-most column of Ta-
ble 1. The fractions are generally low, i.e., between 0.2
and 0.5 per cent. Including the spin-orbit terms (mod-
els A vs. B) does not affect the rates beyond statistical
significance, which is to be expected since, in our simula-
tions, the spins can only precess around the orbits, and
the spins themselves do not affect the dynamical evolu-
tion. We remark that, in practice, the merger fractions
are different nevertheless. This is a numerical artifact,
and can be attributed to the chaotic nature of the sys-
tem: including the spin-orbit terms affects the internal
time steps taken by the ordinary differential equation in-
tegrator used in SecularMultiple. Since the system is
chaotic, this can lead to different outcomes for the same
initial conditions.
Interestingly, when recoil is not taken into account,
choosing unequal masses in the innermost system boosts
60.0 0.2 0.4 0.6 0.8 1.0
χ′1
0
20
40
60
80
100
N
Model A
Model C
Figure 3. Distributions of the spin of the merged object,
χ′1, for model A (solid line), and model C (dashed line).
The initial spins in these cases were χ0 = χ1 = 0.5.
Model m0/M m1/M Sˆ-Lˆ Recoil fdm (%)
A 4.0 4.0 3 7 0.253 ± 0.016
B 4.0 4.0 7 7 0.204 ± 0.014
C 6.5 1.5 3 7 0.494 ± 0.022
D 4.0 4.0 3 3 0.193 ± 0.014
E 6.5 1.5 3 3 0
Table 1. Summary of the five different models for the
masses m0 and m1, whether or not spin-orbit terms were
included (equation 2; column ‘Sˆ-Lˆ’), and whether or not
recoil and mass loss after the first merger was taken into
account (column ‘Recoil’). The right-most column shows
the double merger fraction ( fdm, in per cent), together
with the Poisson-based error.
the double merger fraction by a factor of ∼ 2 (models
A vs. C). However, when recoil is taken into account
(models C vs. E), double mergers no longer occur at
all in the unequal mass model. This can be attributed
to the large recoil velocity (typically 200 km s−1, with a
tail extending to ∼ 500 km s−1). In the equal-mass case,
however, (models A vs. D), the recoil velocity is zero
and the only effect of including the ‘Recoil’ terms is the
small mass loss after the first merger; the effect on fdm is
relatively small.
3.2. Distributions
3.2.1. Spins
In this section, we present several spin-related distribu-
tions for the components m′1 (the merged compact object
after first merger) and m2 relative to their orbit Lˆ2, at
the time of the second merger. We first consider the ef-
fective spin parameter χeff , i.e., the mass-weighted spin
0.0
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Figure 4. Distributions of χeff (see equation 3) for the
double mergers in our simulations (note that there are
none in model E). The top (bottom) panels show distri-
butions for models A and B (C and D), with line styles
and colors as indicated in the legend. The LIGO/Virgo
value for GW1904102, χeff = 0.25+0.09−0.11 (Abbott et al.
2020), is shown with the dotted black lines and green
shaded regions.
onto orbit Lˆ2 which is defined according to
χeff ≡
χ′1m
′
1
(
Sˆ
′
1 · Lˆ2
)
+ χ2m2
(
Sˆ2 · Lˆ2
)
m′1 + m2
. (3)
Here, we determine χeff from the simulations for the dou-
ble merger systems when the inner binary of the triple
has become dynamically decoupled from m3 (see §2.2).
As described in §2.2, the parameters χ′1 and m′1 of the
compact object after first merger are determined using
the fits from Lousto et al. (2010). Note that, after decou-
pling, Lˆ2 is constant, but the spins Sˆ
′
1 and Sˆ2 still pre-
cess around Lˆ2 according to the spin-orbit terms, equa-
tion (2). However, this does not affect the value of χeff ,
since equation (2) conserves the spin-orbit projections,
Sˆ
′
1 · Lˆ2, and Sˆ2 · Lˆ2.
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cos(θSL)
0
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Sˆ2 − Lˆ2
Figure 5. Spin-orbit distributions of the cosines of the
angles between Sˆ
′
1 and Lˆ2 (solid line), and Sˆ2 and Lˆ2
(dashed line), by the time of the second merger. These
distributions apply to model A; results are qualitatively
similar for the other models.
We show the distributions of χeff in Fig. 4 for the dou-
ble mergers in our simulations (note that there are none
in model E). All of our models produce distributions
of χeff that are centered and approximately symmet-
ric around zero, with a tail extending to approximately
χeff ± 0.5. Since m2  m′1, the latter value is mostly dic-
tated by χ2, which in our models was set to χ2 = 0.5
(note that χ2 does not change in the simulations). All
models are consistent with the LIGO/Virgo value for
GW1904102 (Abbott et al. 2020), χeff = 0.25+0.09−0.11 (indi-
cated in the figure with the dotted black lines and green
shaded regions).
The fact that the distributions of χeff are centered
around zero can be explained from the spin-orbit distri-
butions. Fig. 5 shows the spin-orbit distributions for the
angles between Sˆ
′
1 and Lˆ2, and Sˆ2 and Lˆ2, by the time of
the second merger (for model A; other models give quali-
tatively similar results). These distributions are approx-
imately flat in their cosines, indicating isotropic orienta-
tions between spins and orbit. This can be understood
by noting that spin-orbit coupling is only important be-
fore the first merger; after the first merger, the wide in-
ner orbit of the triple implies that spin-orbit coupling is
unimportant (see also the examples in §2.3). The spin-
orbit angles are therefore driven solely by the changing
direction of Lˆ2 by the secular torque of m3, which leads
to a random orientation by the time of second merger.
This is similar to what has been found in studies of the
spins of merging compact objects in isolated triples (e.g.,
Liu & Lai 2017; Antonini et al. 2018; Fragione & Kocsis
2020).
Next, we consider the in-plane components of the spins
with the orbit Lˆ2. Owing to its asymmetric masses,
GW190412 shows stronger contributions from higher-
multipole GWs, which gives constraints on the in-plane
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Figure 6. Distributions of χp (equation 5) for the double
mergers in our simulations (note that there are none in
model E). The top (bottom) panels show distributions for
models A and B (C and D), with line styles and colors
as indicated in the legend. The LIGO/Virgo value for
GW1904102, χp = 0.30+0.19−0.15 (Abbott et al. 2020), is shown
with the dotted black lines and green shaded regions.
components of the spins,
Sˆi,⊥ = Sˆi
[
1 −
(
Sˆi · Lˆ2
)]
, (4)
through the parameter χp which is defined according to
(Abbott et al. 2020)
χp ≡ max
[
κ χ′1
Sˆ′1,⊥ , χ2 Sˆ2,⊥] . (5)
Here, κ = q(4q+3)/(4+3q) with q = m′1/m2. Note that in
Abbott et al. (2020), χp was defined with m2 being the
less massive component, whereas in our case, m2 is the
more massive component. Also, note that the spin-orbit
terms (equation 2) do not change χp after decoupling
since
Sˆi,⊥ = 1 − (Sˆi · Lˆ2).
The distributions of χp for the different models in our
simulations are shown in Fig. 6. The different models
8give qualitatively similar distributions; χp is broadly dis-
tributed between 0 and 1, with a slight preference for
χp ∼ 0.2. Interestingly, the latter is consistent with the
LIGO/Virgo value for GW190412, χp = 0.30+0.19−0.15 (Ab-
bott et al. 2020).
In the above, χ2 was set to χ2 = 0.5. The birth spins χi
of BHs are uncertain, and some BHs might be born with
low spins (e.g., Fuller et al. 2019). For the double merg-
ers in our scenario, the merged compact object tends to
have a relatively high spin of χ′1 ∼ 0.7, largely indepen-
dent of the initial χ0 and χ1 (e.g., Lousto et al. 2010).
However, the spin χ2 could be significantly different than
the assumed χ2 = 0.5. Therefore, we also computed the
distributions of χeff and χp in post-processing by mak-
ing different assumptions on χ2 (note that the spin-orbit
terms, equation 2, do not affect the magnitudes of the
spins). In particular we either assume χ2 = 0.1, or sam-
ple χ2 from a uniform distribution with 0 < χ2 < 1.
The resulting distributions of χeff and χp are shown in
Figs. A1 and A2 in Appendix A.
With these different χ2, the distributions of χeff
(Fig. A1) are still centered and symmetric around 0, but
the extent of the distribution is affected. Since body 2
dominates χeff , when χ2 = 0.1, the distribution of χeff is
more confined, within χp = ±0.25, and is only marginally
consistent with GW190412. With the uniform distri-
bution of χ2, the distribution extends to approximately
χeff = ±1, and is consistent with GW190412.
The distribution of χp (Fig. A2) with χ2 = 0.1 is
strongly concentrated around χp = 0.2, but still consis-
tent with GW190412. With the uniform distribution of
χ2, the distribution of χp is more broad, but still peaks
around χp = 0.2.
3.2.2. Orbital properties
In the remaining sections (§3.2.2-§3.2.4), we discuss
some of the orbital, mass, and merger time distribu-
tions. These distributions are typically qualitatively not
strongly dependent on the model; here, we show distri-
butions from model A.
Fig. 7 shows the distributions of the semimajor axes
and eccentricities of the merging orbit at the moment
of decoupling. Dashed and solid lines correspond to
the first and second mergers, respectively. For the first
merger, a1 is peaked around 20 au, reflecting the initial
value a1 = 20 au. A tail exists towards smaller values,
which is due to orbital shrinkage due to GW emission
before decoupling (an example of this can be seen in the
right-hand panels of Fig. 2). For the second merger, a2 is
distributed between ∼ 102 and 103 au, mostly reflecting
the initial conditions (500 au < a2 < 2000 au, see §3.2). In
some cases, GW emission resulted in significant shrink-
age before decoupling.
Since the merging orbits in our simulations are wide,
the eccentricities at decoupling (bottom panel of Fig. 7)
are necessarily extremely high. The eccentricity at the
first merger (∼ 1 − 10−5) is lower than at the second
merger (∼ 1 − 10−7), since the orbit is wider in the latter
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Figure 7. Distributions of the semimajor axes (top panel)
and eccentricities (bottom panel) of the merging orbits
at the moment of decoupling. Dashed and solid lines
correspond to the first and second mergers, respectively.
case (by roughly two orders of magnitude).
After decoupling, these high eccentricities will dissi-
pate due to GW emission. Nevertheless, some eccentric-
ity remains when the orbital GW emission reaches the
LIGO band ( fGW,LIGO = 10 Hz). In Fig. 8, we show the
distributions of the orbital eccentricities of the merging
orbits (first and second mergers shown with dashed and
solid lines, respectively) when the peak GW frequency is
fGW = fGW,LIGO. Here, we evolve the orbit after decou-
pling using the equations of Peters (1964), and calculate
fGW using equation (37) of Wen (2003). The remain-
ing eccentricity when entering the LIGO band ranges be-
tween ∼ 10−3 and ∼ 10−1, and is slightly higher for the
second mergers. In none of our systems, the eccentricity
in the LIGO band exceeds 0.1, which is approximately
the eccentricity above which LIGO/Virgo might distin-
guish between eccentric and circular sources (Gonda´n &
Kocsis 2019).
3.2.3. Companion masses
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Figure 8. Distributions of the orbital eccentricities of
the merging orbits (first and second mergers shown with
dashed and solid lines, respectively) when the peak
GW frequency is fGW = fGW,LIGO = 10 Hz. The black
dotted vertical line shows the eccentricity above which
LIGO/Virgo might distinguish between eccentric and cir-
cular sources (Gonda´n & Kocsis 2019).
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Figure 9. Distributions of m2 (dashed line) and m3 (solid
line) for the double merger systems (model A). The pri-
mary mass of GW190412, 29.7+5.0−5.3 M (Abbott et al.
2020), is indicated with the black dotted line and green
shaded region.
In our simulations, the innermost two bodies have fixed
masses, whereas m2 and m3 are sampled between 20 and
50 M (see §3.2). In Fig. 9, we show the distributions
of m2 and m3 for the double merger systems (model A).
Both m2 and m3 for double merger systems are broadly
distributed between the initial ranges, not showing any
clear preferences. The primary mass of GW190412,
29.7+5.0−5.3 M (Abbott et al. 2020), is indicated in the fig-
ure, and is consistent with the distributions of m2 in our
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Figure 10. Distributions of the times of the first (dashed
line) and second merger (solid line) for the double merger
systems in our simulations (model A).
simulations.
3.2.4. Merger times
Lastly, we show in Fig. 10 the distributions of the times
of the first (dashed line) and second merger (solid line)
for the double merger systems in our simulations. We
remind the reader that the simulations were run for up
to 1 Gyr, and, if a first merged occurred, for an additional
14 Gyr (cf. §2.2).
The first merger occurs between a wide range of times
between ∼ 10−2 and 103 Myr, and with a local peak
around 1 Myr. This broad range is characteristic of the
chaotic nature of the quadruple systems. The second
merger typically occurs at significantly later times, and
peaks around ∼ 3 Gyr. This shows that double mergers
can occur with significant delay times.
4. DISCUSSION
4.1. Merger rates
As discussed in §2.1, we ignored complications of
quadruple evolution before the formation of four com-
pact objects. Such complications include orbital expan-
sion due to stellar evolution, CE evolution, and natal
kicks. In order to obtain reliable double merger rates, a
self-consistent study taking into account the stellar, bi-
nary, and dynamical evolution of 3+1 quadruple systems
would need to be carried out, and this is left for future
work.
Nevertheless, we here briefly give a very rough back-
on-the-envelope estimate of the double merger rate in
3+1 quadruples. We emphasize that this estimate is ex-
tremely uncertain, but include it nonetheless in order to
make it plausible that at least some of the observed GW
events might originate from double mergers in these sys-
tems.
We assume a local star formation rate per unit volume
of R? = 108 M Gpc−3 yr−1 (Madau & Dickinson 2014).
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Next, based on the ‘canonical’ model of Lo¨ckmann et al.
(2010) which is based on a Kroupa initial mass function
(Kroupa 2001), we assume that the BH formation effi-
ciency per unit Solar mass is fBH = 0.01, which leads to
formation rate of RBH = 106 Gpc−3 yr−1 BHs. The quadru-
ple fraction among massive stars is significantly higher
than for lower-mass stars (Moe & Di Stefano 2017); we
adopt an optimistic fraction of fquad = 0.5. In our inte-
grations, we considered a subset of systems with specific
orbital configurations. Most importantly, natal kicks,
which are highly uncertain, could significantly reduce the
number of ‘usable’ systems. We assume that a fraction
of forb = 10−3 systems result in the orbital configurations
adopted in our simulations. Lastly, the double merger
fraction in our simulations is fdm ∼ 10−3 (we ignore the
complication that we use the local star formation rate,
whereas double mergers can occur with significant delay
times in the simulations). This gives a double merger
rate of
Rdm ∼ fquad forb fdmRBH = 0.5 Gpc−3 yr−1. (6)
For reference, the LIGO/Virgo O1/O2 rate for BBH
mergers is 53.2+55.8−28.2 Gpc
−3 yr−1 (LIGO Scientific Collab-
oration & Virgo Collaboration 2019). Therefore, double
mergers might account for a small fraction (a few per
cent) of BBH mergers, although we stress again that the
rate estimate given here is extremely uncertain.
For comparison we mention a number of predictions of
BBH merger rates from the literature. Predictions of the
BH merger rate for triples include ∼ 1 − 30 Gpc−3 yr−1
(Silsbee & Tremaine 2017; Antonini et al. 2017; Ro-
driguez & Antonini 2018; Fragione & Kocsis 2020),
and, for quadruples, ∼ 0.1 Gpc−3 yr−1 (Fragione & Koc-
sis 2019). Predictions for globular clusters include 2-
20 Gpc−3 yr−1 (Rodriguez et al. 2016a), > 6.5 Gpc−3 yr−1
(Park et al. 2017), > 5.4 Gpc−3 yr−1 (Askar et al. 2017),
and 15-100 Gpc−3 yr−1 (Fragione & Kocsis 2018). For nu-
clear star clusters without massive BHs, the rates have
been predicted to be ∼ 1 Gpc−3 yr−1 (Antonini & Ra-
sio 2016); with massive BHs, rates estimates include
∼ 0.1 Gpc−3 yr−1 (Hamers et al. 2018), 1-3 Gpc−3 yr−1
(Hoang et al. 2018), and 15 Gpc−3 yr−1 (Petrovich & An-
tonini 2017).
5. CONCLUSIONS
Three facts about GW190412 (Abbott et al. 2020)
make it a unique BBH system: i) it has a low mass ra-
tio (q = 0.28+0.13−0.07), ii) it is a rather massive BBH system
with a high effective spin (χeff = 0.25+0.09−0.11) and a low false
alarm rate, and iii) it is observed to have an in plane ef-
fective spin of χp = 0.30+0.19−0.15, which leads to precession
of the orbit.
The two main formation channels of BBH formation,
isolated binary evolution and dynamical assembly in
dense stellar systems, fail to explain GW190412. Here,
we considered a scenario in which two mergers of com-
pact objects occur in a wide hierarchical 3+1 quadruple
system. First, two compact objects in the innermost or-
bit merge due to secular chaotic evolution. At a later
time, the merged compact object coalesces with another
compact object due to secular Lidov-Kozai oscillations.
Our main conclusions are listed below.
1. Based on population synthesis simulations of the dy-
namical evolution of 3+1 quadruples, we found that our
scenario gives rise to distributions of the effective spin
parameter χeff and the in-plane spin parameter χp that
are consistent with GW190412 (see Figs. 4 and 6). The
distributions of χeff in our simulations are centered and
symmetric around 0, and are driven by the changing ori-
entation of the inner orbit of the triple after the first
merger. The widths of the spin parameter distributions
are mostly determined by the (uncertain) spin χ2 of the
more massive component (see §3.2.1, and Appendix A).
We find that spin-orbit terms after the first merger are
not important. The distribution of χp in our scenario is
typically broadly distributed but with some preference
for χp around 0.2, consistent with GW190412.
2. Assuming that GW190412 originated from a dou-
ble merger in a compact object 3+1 quadruple system,
we find a strong constraint that the first merger likely
occurred between approximately equal-mass BHs in the
innermost orbit, since the recoil velocity from unequal-
mass BHs would otherwise have disrupted the system.
This is based on the fact that, although rare, double
mergers can occur when the innermost masses are equal
(m0 = m1 = 4 M; model D), whereas no mergers oc-
curred in our simulations when the recoil velocity was
taken into account with systems with innermost masses
of m0 = 6.5 M and m1 = 1.5 M (model E; see Table 1).
3. In our scenario, extremely high eccentricities need to
be reached in order to achieve eccentricity-boosted merg-
ers in relatively wide orbits (see §3.2.2). However, the
eccentricities when reaching the LIGO detector band are
not high enough to be currently distinguishable. This
may change in the future, when next-generation GW de-
tectors become more sensitive, and the theoretical mod-
eling of eccentric GW waveforms improves.
4. Our model has a wide range of delay times for the
second merger, with long delay times of up to a Hub-
ble time being possible (see §3.2.4). Therefore, systems
merging at low redshift could have formed at much higher
redshift.
This work is supported by the National Science Foun-
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APPENDIX
A. SPIN PARAMETER DISTRIBUTIONS FOR DIFFERENT ASSUMPTIONS ON χ2
In Figs. A1 and A2, we show the distributions of χeff and χp, respectively, with different assumptions on the value
of χ2.
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Figure AA2:. Distributions of χp for the double mergers in our simulations, similar to Fig. 6, but here setting either
χ2 = 0.1 (left-hand panels), or χ2 sampled uniformly between 0 and 1 (right-hand panels). The top (bottom) panels
show distributions for models A and B (C and D), with line styles and colors as indicated in the legend. The
LIGO/Virgo value for GW1904102, χp = 0.30+0.19−0.15 (Abbott et al. 2020), is shown with the dotted black lines and green
shaded regions.
